Ion-specific media (ISM) have played an integral role in the clean-up and remediation efforts at the Fukushima Dai-ichi disaster site, through the processing of contaminated wastewaters. The use of these materials generates a secondary nuclear waste stream, presenting its own series of engineering problems arising from stringent handling and long-term storage requirements. A reactive spark plasma sintering (SPS) method was investigated for conditioning of the spent cesium exchanged zeolite, chabazite. A natural form of the zeolite was used as an analogue to the engineered ISM used at the Fukushima NPP site. Simulant wasteforms were sintered using different temperature and pressure parameters followed by analysis of phase assemblage, density, and durability (using the product consistency test (PCT)). The results indicated that zeolite structure had collapsed completely, with the exchanged cesium partitioned primarily into a durable feldspar to assure stability of the sintered material for passively safe storage or geological disposal.
Introduction
The March 2011 earthquake and tsunami led to a series of serious coolant loss incidents at the Fukushima Daiichi nuclear power plant (NPP) [1] . Three reactor units experienced partial core meltdowns, but reactor water levels were eventually stabilised by the pumping of sea water and fresh water, achieving cold shutdown conditions. Cesium-137 is a high yield fission product (t ½ = 31.17 yr) and, consequently, it is present at high concentrations in the NPP wastewater. Due to the radiotoxicity of Cs-137 and other radionuclides present in these effluents, treatment is necessary before the used cooling water can be reused or released.
One method of effluent treatment is the use of ion exchange materials, such as zeolites. These microporous aluminosilicates are available commercially as mineral or synthetic materials, finding common usage in ion exchange as adsorbents. The individually unique structures of these media result in both high selectivity and specificity for ion exchange. To facilitate Cs removal from the contaminated coolant water, one of the main effluent treatment facilities installed on the Fukushima Daiichi NPP site is the KURION ion exchange plant, using engineered Na-chabazite as an exchange medium [2] . The high porosity of this material, based on a~3.8 Å diameter "8-ring" framework structure, provides a large surface area for exchange with high selectivity for Cs [3, 4] . As of October 2018, this facility has treated a cumulative Cs-contaminated water volume of 391,870 m 3 , producing 771 large exchange columns of spent material [5] . Conditioning of the large volumes of s p e n tz e o l i t ew a s t ei so n eo ft h em o r ed e m a n d i n g unsolved engineering issues as part of the clean-up effort, with strict acceptance criteria and constraints [6] t h a t must be followed: limited space at potential disposal sites necessitates a high reduction in volume of wasteforms, minimal leaching, and corrosion of containment and long-term chemical stability. Vitrification using borosilicate glasses has been considered but volatilisation of cesium at high processing temperatures (up to 1300°C) poses a potential challenge [7] . Encapsulation of ion exchange materials using standard cementitious compositions has been studied [8] [9] [10] 11] , though systems such as ordinary Portland cement (OPC) may necessitate particle size reduction of zeolites, and degradation of the ion exchange framework, as a result of the internal pH, releases the incorporated radiocesium.. Cement encapsulation is also expected to result in arelative volume increase for the final wasteform.
Spark plasma sintering (SPS) is a relatively novel sintering technique that operates on the principle of aJ o u l eh e a t i n ge ffect via a very high applied current coupled with uniaxial pressure, which facilitates masstransport and grain growth. Rapid heating rates and the application of pressure allow near-theoretical densities to be achieved in the final pellet product using relatively low temperatures [12] , with the potential for high wasteform volume reduction. This work demonstrates the viability of spark plasma sintering as a method for the thermal treatment of spent chabazite ion exchange materials and evaluates the wasteform chemical durability using the ASTM Product Consistency Test (PCT-B).
Experimental methods

Material synthesis
The chabazite used in this study was a natural source, supplied from Verdi S.p.A as "Zeover." The reported manufacturer data were as follows: the particle size range of 0.1-0.7 mm, a cation exchange capacity (CEC) of 2.2 ± 0.2 meq/g, and a reported composition of (Na 0.14 K O[ 13] . This constituted a mineral composition of 70 ± 2 wt.% chabazite with minor constituents at: 18 ± 5 wt.% obsidian glass,5±2wt.%potassiumfeldspars,3±1wt.%pyrox-enes, 2 ± 1 wt.% biotite, and 2 ± 1 wt.% phillipsite [10] . Chabazite was exchanged in a 0.1 M CsNO 3 (Arcos Organics, 99% purity) solution using UHQ water (18.2 MΩ). The chabazite was agitated on a roller mill for 24 h at room temperature. The exchanged material was rinsed twice with 1 L of distilled H 2 O, filtered, and dried at 95°C for 24 h.
TheCs-chabazitewascalcinedinairat300°Cfor12h to remove remnant water. 3 g of the dried Cs-chabazite was pressed into a 20 mm graphite die and consolidated usingaHP-D25SPSsystem(FCTSystemeGmBH).The average measured apparent density of green-body pressed pellets was 1.556 ± 0.041 g/cm 3 . Samples were consolidated according to the method used by Sun et al. [14] , at 1000°C or 1100°C at 50°C/min under an argon atmosphere with a dwell time of 10 min, under a uniaxial pressure of 15 MPa or 50 MPa. Sintered samples were allowed to cool naturally to ambient temperature. Residual graphite foil was removed by manual grinding using SiC paper. The total processing time per sample, including die loading, was 60 min.
Characterisation
The phase assemblage of the as-received, exchanged, and SPS samples was determined by powder X-ray diffraction ( X R D )o naB r u k e rD 2P H A S E Rd i ffractometer with a LynxEye detector utilising Cu Kα (λ = 1.5418 Å) radiation, a Ni foil was used to filter the Kβ radiation. Diffraction patterns were collected between 5°< 2θ < 50°with a step size of 0.02°2θ and dwell time of 1 s per step. X-ray fluorescence (XRF) analysis was used to quantify the bulk oxide constituents of the as-received, Csexchanged, and SPS samples. XRF beads were prepared using a lithium tetraborate flux (Sigma Aldrich, 99.995% purity) at a 1:10 sample-to-flux ratio and analysed using a PANalytical Zetium spectrometer under vacuum with a Rh tube operating at 50 kV and 30 mA (Table 1) . Microstructures were observed using a Hitachi TM3030 scanning electron microscope (SEM) coupled with a Bruker Quantax 70 energy dispersive X-ray spectroscopy system (EDX) at a working distance of 7.4 ± 0.1 mm using a silicon drift detector. Samples were resin mounted, polished to a 1 µm finish, and carbon coated. The approximate stoichiometry was determined on the average composition of 10 EDX data points per microstructural feature. Semi-quantitative phase analysis assumed oxygen stoichiometry required for charge neutrality. Density measurements were conducted using a Micrometrics AccuPyc II 1340 gas pycnometer with a 1 cm 3 sample cell (chabazite samples) and a0 . 1c m 3 cell for the SPS powder for proof of concept studies. The density of the SPS fragments was determined using a Mettler Toledo Archimedes balance ( Table 2) .
The chemical durability assessment (sample SPS-2 only) was performed in duplicate using the Product Consistency Test (PCT-B, ASTM methodology C1285-14 [15] ). Powdered samples (75-150 µm) were prepared and washed using IPA. Tests were carried out at 90°C in a 15 mL PTFE vessel with 9 mL of leachate (UHQ water, 18.2 MΩ)t og i v eas u r f a c ea r e a -t o -v o l u m er a t i oo f 1200 m −1 , based on geometrical assumptions. Sacrificial s a m p l e sw e r et a k e na tt i m ep o i n t s :1 ,3 ,7 ,1 4 ,2 1 ,a n d 28 days, aliquots were passed through a 0.2 µm filter, pH measured using a Mettler Toledo pH meter, and acidified with nitric acid (Ultrapure NORMATOM 67-69%, VWR). The leachates were analysed using inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Thermo Fisher iCAPDuo 6300) and ion chromatography (IC) (Thermo Scientific ICS-1100) using the cation column for cesium analysis.
Results and discussion
Exchanged material characterisation
The phase assemblages of the as-received and Csexchanged materials were determined by powder XRD (Figure 1 ). The observed major phases present were ] (PDF #89-1461). There were only very slight differences between the two diffraction patterns, post Cs-exchange, such as the relative intensities of the low angle reflections for phillipsite, biotite, and chabazite (2θ < 20°), due to Cs ion exchange and preferred orientation effects associated with the biotite mica (where preferred orientation refers to the crystallographic phenomenon of some crystallites having a tendency to pack in favour of a particular direction, influencing the diffraction pattern).
Elemental compositions of the as-received and Csexchanged materials were determined using XRF spectroscopy. Table 1 shows the compositions of the preand post-exchange samples, by relative average weight percent of oxide components. The water losses, as calculated by the sample mass lost on ignition, had the largest degree of variability, likely resulting from residual water from the exchange process. The large size of the Cs + cation means that there is a preferential exchange to the sites of wide~7Å aperture "8-ring" structure within the chabazite framework [3, 4] . XRD and XRF analysis confirm that the bulk mineral and chemical composition is consistent with reference to the manufacturer data sheet.
A BSE micrograph and EDX maps of the Csexchanged sample provided a survey of individual particle morphologies and compositions. In Figure  2 , a particle with high porosity and grain sizes ranging between 200 and 300 µm was characteristic of a chabazite, and semi-quantitative analysis of a region yielded a composition of Cs 0. 5 O 6 ] , and a silica/quartz (Q) SiO 2 . In addition, spherical particles associated with the 18 wt. % ± 5% obsidian glass present within the chabazite source material [13] were observed in the analysis of microstructure, although not apparent in Figure 2 (see Supporting Info 3).
The density of the as-received chabazite (2.4411 ± 0.0015 g/cm 3 ) was observed to increase after Cs-exchange to 2.4679 ± 0.0017 g/cm 3 ( Table 2 ). This increase is associated with the incorporation of Cs within the chabazite structure, displacing the cation occupancy at the sodium or potassium sites, and increasing the cation atomic mass by~3-5fold.
Characterisation of reactive spark plasma sintered material
Phase assemblages for each of the SPS pellets (SPS-1-3) were determined by powder XRD. The reflections associated with chabazite were entirely absent from the diffraction patterns (Figure 3 ). This demonstrated that acompletecollapseofthezeolitestructurewasachieved using SPS as a thermal treatment method for ion exchange materials, forming known mineral crystalline phases. The major phases present in all SPS samples were K-feldspars, K[ Although the SPS-1 (1000°C, 10 min, 15 MPa) and SPS-2 (1000°C, 10 min, 50 MPa) samples had consistent phase assemblages based on the minerals present, there were, however, subtle differences in the relative intensities observed. For example, the reflection at 2θ ≈ 27.7°, corresponding to sanidine feldspar (K), was observed with a significantly higher relative intensity in the SPS-1 sample, compared to that of the SPS-2. Conversely, the peak at 2θ ≈ 29.3°assigned to anorthite and pyroxene phases (N/X) had a significantly lower relative intensity in SPS-1. Compared to SPS-1, the effect of an increased processing temperature (SPS-3, 1100°C, 10 min, 15 MPa) resulted in quartz (Q) having the highest relative intensity rather than the K-feldspar. Also observed was the emergence of diffuse scattering between 17.5°< 2θ < 37.5°. These features are consistent with vitrification mechanisms and amorphous glass phases formed after the complete breakdown of aluminosilicate frameworks [17, 18] . Therefore, it is possible to state that for the SPSprocessing conditions investigated, the effect of pressure had little impact on the phase assemblage (only the proportion), which was juxtaposed to the effect of temperature. The absence of pollucite (CsAlSi 2 O 6 ) was due to the molar ratio of alkali:aluminium:silicon in the SPS composite (approximately 1:2:4.7 -as derived from Table 1 ), which is closer to the ideal ratio of the feldspar observed in the microstructure (1:1:3) than to that of pollucite (or leucite, the K-counterpart (1: 1: 2)) [19] . The Cs was resultantly taken into the feldspar solid solution during melt crystallisation. The normalised Cs 2 O content of the ion exchanged material immediately before and after SPS treatment (i.e. accounting for the loss of water in the calcination pre-treatment step) was determined by XRF analysis to be 2.14 ± 0.02 and 2.11 ± 0.18 wt.%, respectively. No measurable change in the Cs 2 O content was determined, within the precision of the analysis, and thus the full inventory of Cs 2 Owas retained. This is likely due to the very short processing time combined with uniaxial pressure. Further work is required to demonstrate which SPS-processing temperature for waste management of Cs-ion exchange materials is optimal, based on microstructure, chemical stability, and radiation tolerance.
Microstructure and semi-quantitative analysis was undertaken for the SPS pellets, shown in Figures 4-5 . The SPS-1 microstructure was observed to contain several distinct phases, all with very low apparent visible porosity. A dark, angular particle with a width of 90 µm had a high calcium intensity with the absence of potassium, EDX quantification provided a composition of Ca 0. The bulk matrix phase encapsulating the crystal grains within the sample was reviewed, with EDX maps over two regions showing evenly distributed intensities for potassium and calcium as well as a high detection of aluminosilicate constituents. A bright globular 5-10 µm precipitate phase was abundant in the matrix and appeared to have a high Cs content. This matrix-precipitate complex appeared to have an In Figure 5 , the higher temperature SPS-3 sample (1100°C) resulted in a noticeably sparser distribution of distinctive phase regions. The Cs-rich matrix (white precipitate) demonstrated the lowest cesium loading of the three SPS wasteforms, with a calculated composition of Cs 0. 5 Density balance measurements, Table 2 , indicated that lower temperature sintering conditions (1000°C) gave the best density values, 2.658 ± 0.004 g/cm 3 for SPS-1 and 2.658 ± 0.003 g/cm 3 for SPS-2. The poorest density balance results were those of the SPS-3 sample, with an average of 2.588 ± 0.003 g/cm 3 . The results for gas pycnometry of SPS samples were in agreement with the Archimedes balance data, showing that the optimum density was achieved with the lower sintering temperature of 1000°C and higher pressure of 50 MPa, with 2.7314 ± 0.0017 g/cm 3 . This corresponded to a 10.7% increase from the Csexchanged source material. The ground material from the SPS-3 pellet achieved poorer densities compared to the low temperature counterparts, which may have been due to a microstructural bloating effect resulting from the evolution of water [21] . Considering the measured average apparent density (see material synthesis) and the gas pycnometry results, the wasteform volume reductions achieved for SPS-1, 2 and 3 were 41.6 ± 1.0%, 43.0 ± 1.0% and 40.3 ± 1.0%, respectively. With the highest density and volume reduction, the SPS-2 material was selected as an optimal candidate for a 28-day chemical durability study.
Durability study of reactive spark plasma sintered material
The short-term chemical durability of Cs-chabazite processed as SPS-2 (1000°C/50 MPa) was performed using ASTM PCT-B methodology [15] . Figure 6 describes the normalised mass loss of elements as detected by ICP-OES (IC for Cs, standard deviations were obtained from duplicate samples). The average pH (day 0-28, 7 time points) during testing was observed to be pH 10.64 ± 0.24, and this low standard deviation indicated that the sample naturally buffered during experiment initialisation. In Figure 6 , there was a high initial elemental release rate observed between day 0 and day 1, especially prominent for Si, Al, and Cs. This behaviour is associated with the rapid dissolution of residual fines within the sample, even though due care was taken to remove fines during sample preparation by washing with IPA until clear.
In Figure 6 , the Si concentration (present at SiO 2 55.6 wt.%, Table 1 ) was observed to increase commensurate with experiment duration, indicative of accelerated dissolution for the SPS-2 sample. The normalised release rate for Si was calculated as 1.13 ± 0.12 × 10 −3 gm
,da y28wasexcludedduetosign ificant evaporation of the leaching solution. In comparison, clinoptilolite simulant converted into NaAlO 2 and NaB 4 O 7 -based glasses (via hot isostatic pressing) resulted in Si release , respectively [22] . Prototype fast reactor (PFR) raffinate immobilised in a barium borosilicate glass achieved a Si releaserateof7.19×10 −3 gm −2 d −1 [23] . The durability of SPS-2 is therefore comparable to proposed thermal treatment options for two different UK ILW waste streams; however, it should be noted that the cited examples were performed at a higher SA/V ratio (2000 m −1 ) than this study. The Cs-chabazite immobilised in SPS-2 resulted in a multi-phase matrix with Si present in all of the crystalline phases (K-feldspar, leucite, anorthite, and pyroxene) and the vitreous phase, which makes it difficult to assign dissolution to a specific phase within the sample.
A general trend was observed for the dissolution behaviour of Al, Ca, Cs, and K (Figure 6 ), where the concentrations appeared to remain steady throughout the duration (within error). This would suggest the sample underwent congruent/constant dissolution. It is considered that the elemental loss spikes observed at day 21 could be associated with the evaporative loss resulting in artificially increased concentrations. XRD performed post-dissolution (Figure 7 ) revealed that the relative intensity of K-feldspar reflections significantly reduced compared to those for anorthite. The relative intensity of the biotite reflection at~9°2 θ increased compared to the SPS-2 before dissolution ( Figure 3 ). As no further thermal treatment process occurred to this sample, it could be assumed that the overall degree of crystallinity decreased as a result of the experiment rather than an increased presence of biotite.
Analysis of the Cs-chabazite SPS-2 particles postdissolution by SEM/EDX (Figure 8 ) demonstrates that the dissolution of the material occurs heterogeneously, with preferential alteration of some phases. Within the central particle, regions rich in Ca, Al, and Si are representative of anorthite concurring with the XRD (Figure 3) for the continued presence of anorthite. The micro-cracks observed across several particles are from sample preparation rather than dissolution effects, shown in Figures 4 and 5 .
The greyscale differences in the central particle elucidate the presence of two Cs-bearing K-feldspar regions with differing behaviour under dissolution conditions. The first K-feldspar can be assigned to the light grey region (surrounding the anorthite grain and lefthand side particles), where no dissolution effects were observed. The composition of this region was determined to be Cs 0. 
Conclusions
Microstructural characterisation and phase assemblage revealed the diverse mineral composition of a natural chabazite source used as a simulant for spent ion exchange media arising on the Fukushima NPP site.
A proof of concept study demonstrated the efficacy of SPS for conditioning of such aluminosilicate zeolite wastes. Conceptual wasteforms were successfully produced using different SPS conditions, where the collapse of the porous zeolite framework led to an increase in absolute density. The highest Cs waste loading (in the main Cs-bearing phase) was obtained at sintering conditions of 1000°C/50 MPa. The uniaxial application of pressure and high temperature for 10 min provides a combination of parameters, which was ideal for ensuring collapse of the chabazite framework with partitioning of the exchanged Cs into a feldspar phase. The long-term durability of the SPS-2 sample is challenging to understand due to the heterogeneous nature of the sample and requires further work to understand the contributions of the component phases to the overall dissolution behaviour. Although use of this technology for waste conditioning is at a stage of relative infancy and Technology Readiness Level of 2-3, SPS has the potential for high volume reduction of wastes, providing a significant advantage over cement encapsulation, due to the anticipated waste volume increase and potential waste / encapsulant reaction. The process is the markedly faster and less energy intensive than hot isostatic pressing, at comparable lab scale. Some limited scalability studies for ceramic-metal type functionally graded materials were reported by Gullion et al. and Tokita who demonstrated capability for homogenous consolidation of disc-shaped samples with up to 100 mm diameter and 40 mm thickness [24] [25] [26] . Clearly, considerable additional research would be required to translate the conceptual approach developed here to application at full scale for conditioning of inorganic ion exchange materials. Nevertheless, the full retention of the Cs 2 Oinventoryin processing and durability experiments achieved in this conceptual study provide a compelling case for such future research. Although the product geometry, in the form of large sintered discs, might be considered a limitation, such geometry would offer the potential to control the thermal characteristics of the waste package by separating such discs with thermally conductive materials. Future work should use a more realistic simulant to allow for more accurate modelling and characterisation, and the radiation stability of the wasteforms should then be assessed.
